An important N source for rice (Oryza sativa L.) is mineralization of the organic forms of N present in the soil. The correct N determination will help to optimize the amount of fertilizer used. Our objective was to calculate an index that relates crop N uptake from previous N fertilization and N mineralized in rice paddy soils. To do so, we used two rice paddy soils, Alfisol and Vertisol, in Chile under different anaerobic incubation times and temperatures. We determined both soil mineralization and residual effect of fertilization in the previous season under field and laboratory conditions in an Alfisol and a Vertisol managed with a rice monocrop. Anaerobic incubations were carried out at 20 and 40 ºC; and at five different times (0, 7, 14, 21, and 28 d). Our results indicate that residual fertilization affects N mineralization, which increases in both paddy soils when compared with the control without N. In the Alfisol it fluctuates between 6.1 and 13.3 mg N-NH4 + kg -1 , whereas in the Vertisol ranged between 18.4 and 28.0 mg N-NH4 + kg -1
INTRODUCTION
Rice (Oryza sativa L.) crop management in Chile leads to soil N accumulation (Hirzel et al., 2012) . The measurement or determination of this accumulated N will help to optimize the use of N fertilizers (Sainz et al., 2004) . While the area under rice cultivation in the world is approximately 147.5 million ha, the estimated area in Chile is 21 000 ha (ODEPA, 2013) , which is concentrated in the Central valley (34-36° S lat) (Alvarado and Hernaiz, 2007) . Rice paddy soils in Chile correspond to Alfisol, Vertisol, and Inceptisol orders (CIREN, 1983) . Rice productivity depends on several factors: climate, soil physical condition and fertility, water supply, sowing date, variety, seed rate, weed control, and fertilization (Jing et al., 2008) ; the later factors affecting N mineralization.
Nitrogen mineralization is a fundamental process to further supplement N to the crops (Honeycutt, 1999) .
The accurate estimation of N to optimize fertilizer use is critic. Moreover, since N absorbed by the plant is mainly from reserves generated by organic matter mineralization, microbial biomass activity, fixed N-NH4 + in clay (Sainz et al., 2004; Sahrawat, 2006) , and fertilization (Wienhold, 2007) . However, accurate prediction of N mineralization is difficult due to intercrossing effects of the variables involved in crop management, such as climatic conditions and soil type (Li et al., 2001; Fan et al., 2005a) . It has been shown that a reliable method to determine potential N mineralization in rice paddy soils is anaerobic incubation because it adjusts to field conditions and flooding under which the crop develops; in addition, the continuity of N supplementation mainly depends on mineralized ammonium from the labile fraction of organic forms of N (Bushong et al., 2007; Rodriguez et al., 2008) .
One more reason that supports the importance to predict N mineralization is to prevent excessive N fertilization, because of its environmental impact through the emission of greenhouse gases and pollution resulting from runoff and leaching (Zhang et al., 2004; Fan et al., 2005b; Su et al., 2005) . Furthermore, while its cumulative effect negatively acts on soil N availability over time, this effect can be positive in the short term because a fraction of the N deposited in the soil every season gets available to the plants; thus, it also affects nutrient dynamics after each harvest (Clay and Clapp, 1990) . Total mineralized N could be positively related to N fertilizer rates (Yan et al., 2006; Hirzel et al., 2012) ; if so, it will either result in a residual effect as part of the clay and soil N organic fraction (Jensen et al., 2000) or be retained in the soil microbial biomass (Jensen et al., 2000; Sainz et al., 2004) . All the later suggest that a considerable portion of the N applied in previous season could be recovered in subsequent seasons and be estimated by methodologies that can be adjusted for each soil type for rice (Yan et al., 2006) and for maize (Zea mays L.) (Hirzel et al., 2007) . In Chile, the rice crop or monocrop in a 2-yr rotation with natural pasture without irrigation leads to soil N accumulation that that could be used to optimize N fertilizers and to an environment friendly fertilization management (Hirzel et al., 2011) . The objective of the present study was to generate and calculate an accurate index able to relate crop N uptake from previous N fertilization events and mineralized N in two rice paddy soils in Chile.
MATERIALS AND METHODS

Soil N mineralization by anaerobic incubation
Incubations from soil samples obtained in rice crop fields established on Alfisol and Vertisol orders, of Parral clay loam (fine, mixed, active, thermic Aquic Haploxeralfs) and Quella clay loam (fine, smectitic, thermic Aquic Durixererts) series, respectively (CIREN, 1983; USDA, 2010) fertilized with increasing N rates (0, 80, and 160 kg N ha -1 ) during the previous season (2011-2012) (Hirzel and Rodríguez, 2013) Table 1 . A modified Waring and Bremner (1964) anaerobic incubation method was used to estimate soil N mineralization: 5 g soil and 12.5 mL distilled water were put in a 150 mL plastic container sealed with a stopper and incubated separately at two temperatures, 20 and 40 °C for periods of 0, 7, 14, 21, and 28 d in an incubator model FOC215E (Waring and Bremner, 1964; Hirzel et al., 2012) . The ammonia N (N-NH4 + ) concentration in the extracts was determined by adding 12.5 mL 4 M potassium chloride (KCl) and shaking for 1 h (Mulvaney, 1996) ; it was then filtered with a Advantec 5C filter paper and N-NH4 + was determined colorimetrically with a Skalar segmented flow spectrophotometer (Skalar SA 4000, Skalar Analytical B.V., Breda, The Netherlands).
Nitrogen uptake and residual effect
The field experiment was conducted in the [2012] [2013] season without N fertilization. Soils were the same ones characterized for anaerobic incubation with clay loam, low permeability, and imperfect drainage. The area has a Mediterranean climate with high temperatures and low precipitation in summer and low temperatures and high precipitation in winter (Hirzel et al., 2007) . Current agricultural practice in these sectors is irrigated rice between September and April. The experimental sites were divided in a complete block design with three treatments of residual N fertilization (fertilized in the 2011-2012 season) and four replicates. Each of the three experimental plots within the block measured 5 × 3 m. Experimental plots were previously tilled in winter with conventional tillage equipment and cultivated by optimizing agronomic practices for rice. The cultivar used was Zafiro-INIA, seeds were pre-germinated 2 d before sowing at a rate of 140 kg ha -1 . Soils were fertilized before sowing with 60 kg P2O5 and 60 kg K2O as triple superphosphate and potassium chloride, respectively. Plots were cultivated under traditional agronomic management to optimize crop growth in accordance with standard agronomic practices for rice crops in central Chile. Nitrogen (urea) was applied three times: 33% the day prior to sowing, 33% at tillering, and 34% at initial panicle (Hirzel et al., 2011) .
The crop was harvested at the end of the season at grain maturity with 20% moisture (Hirzel et al., 2011) ; whole plant samples were collected from each plot (Yan et al., 2006) to determine total plant N concentration and DM production. Whole plant samples were collected from an area of 0.5 m 2 in each experimental unit; this material was then dried, ground, sieved, analyzed by the macroKjeldahl procedure to determine total N concentration (Hirzel et al., 2012) , and DM production was determined by weighing the ground dry material. Plant N uptake was calculated as the product of DM and plant N concentration Rice paddy soil for each treatment (Yan et al., 2006; Hirzel et al., 2007) . Finally, N residual effect of the season was calculated as the difference between plant N absorption in each treatment fertilized in the previous season and the control (Sørensen and Amato, 2002) .
Ratio index for residual crop N uptake and residual N mineralization
Mineralized N was correlated with crop N uptake through different combinations of temperature and time (Srpska and Sad, 2005; Yan et al., 2006) , and the correlation values allowed determination of the most appropriate method (incubation time and temperature) for each soil; to this end, a linear mathematical model in the SAS simple regression function (Wilson et al., 1994; Sahrawat, 2006; Hirzel et al., 2012) and ANOVA were used. To determine the ratio index (Uptake Index) between crop N uptake from the residual effect of N fertilization and N mineralization in each type of soil (Sørensen and Amato, 2002) , the following equation was used:
A split-plot experimental design was used where the principal plot was the soil (2) and N rates (3) were the split-plots with three replicates for each experimental unit. Results were analyzed by ANOVA and the least significant difference (LSD) test (P = 0.05) with the general model procedure of the SAS software (SAS Institute, Cary, North Carolina, USA).
RESULTS AND DISCUSSION
Anaerobic incubations on soil N mineralization Mineralization of N-NH4
+ is primarily influenced by soil type (P < 0.05) and incubation time (P < 0.01) at 20 °C. However, there was a significant difference (P < 0.01) at 40 °C only for incubation time, which reduces the sensitivity to detect differences between soils (Table 2) . Equations and curves, adjusted to a quadratic model, represent the evolution of N-NH4 + mineralization in treatments that received different N rates in the previous season ( Figure  1) ; they showed a similar pattern throughout the incubation period up to 28 d at 20 and 40 °C. The highest level of N-NH4
+ mineralization recorded in Alfisol occurred with the 160 kg N ha -1 rate applied in the previous season and, with the average of two temperatures, the value was 68.07 mg kg -1 for 28 d of incubation, which was higher than control without N (P < 0.05) (Figure 1a) . Mean mineralized N-NH4 + concentration in the Vertisol was 54.15 mg kg -1 at 160 kg N ha -1 rate applied in the previous season for 21 d incubation (Figure 1b) . The differences in the amount of mineralized N in both soils respond to higher N uptake of the previous season in Vertisol (Hirzel and Rodríguez, 2013) and to the dynamics of N-NH4 + adsorption and desorption in the dominant type of clay (Montmorillonite) in the Vertisol under incubation conditions (Nieder et al., 2010) , which in turn is mediated by soil biomass (Jensen et al., 2000; Sainz et al., 2004; Sahrawat, 2006) as well as the degree of K saturation (Table 1) in the intermediate layers of clay minerals (Nieder et al., 2010) . The submerged condition of rice paddy soils is also a factor that influences the level of soil N-NH4 + mineralization; however, it can lead to contradictory conclusions about the extent of mineralization. According to several researchers, immobilization is less pronounced under non-flooding conditions (Chen et al., 1987) . It is also reported that soils under flooding conditions significantly increase N-NH4 + fixation in the soil (Stucki et al., 1984; Chen et al., 1987) . As expected, mineralized N increased in both incubated soils along with the increased N fertilization rate used in the previous season. ANOVA corroborated this result of the experiment that indicates differences (P < 0.05) with the control without N fertilization (Table 2) . These data are consistent with studies conducted by several authors (Kolberg et al., 1999; Forge and Simard, 2001) . Furthermore, in reference to an incubation experiment conducted in rice paddy soils at 40 °C, Hirzel et al. (2012) indicate that N fertilization stimulates mineralization of native soil N. This phenomenon is known as the 'priming' effect, which stimulates microorganisms to increase biomass development and increases mineralization of native soil OM (Fontaine et al., 2003; Conde et al., 2005) . However, given that the fertilization had been applied in the previous season, this effect in increased mineralization mainly obeys the residual effect of N fertilization as pointed out by Yan et al. (2006) for rice and Hirzel et al. (2007) for maize.
Nitrogen concentration in whole plant, DM production, and N uptake by the crop As was expected, plant DM production and N uptake values obtained in both locations were lower than values obtained by Peng et al. (2007) , Huang et al. (2008) , and Hirzel et al. (2012) (Table 3) to the rates used in the season in which this experiment received N fertilization. On the average, plant N concentration results were higher than those indicated by Hirzel et al. (2012) (Table 3) . Previous publications have reported that most of the N in rice plants is taken up before anthesis, and up to 67% N uptake in vegetative parts at anthesis is translocated during the grain-filling stage (Ntanos and Koutroubas, 2002) . There was significant relationship between DM accumulation after anthesis and N translocation of rice cultivars, suggesting that N translocated from vegetative organs played an important role in DM accumulation after anthesis. Therefore, an abundant amount of N translocated to the grain was necessary for Japonica rice to obtain high grain yields (Zhang et al., 2007) . The highest DM production of the three treatments was recorded in the Alfisol along with a lower plant N concentration (Table 3) associated with a dilution effect by remobilization of the element to the grain (Zhang et al., 2007; Hirzel et al., 2012) . Plant N concentration (Table 3) was not affected by the N rates applied in the field (P > 0.05) unlike the results found by some authors using different N rates (Matsunami et al., 2009; Taylaran et al., 2009; Hirzel and Rodríguez, 2013) . Nitrogen uptake in the Alfisol showed the highest levels in the two treatments where N fertilization was applied in the previous season (P < 0.05) ( Table 3 ). In the Vertisol, the highest DM level was obtained in the treatments that received N in the previous season (Table 3) and there was no significant differences among them (P > 0.05); this contrasts with the results found with N mineralization where differences were detected for the different rates applied in the previous season (Table 2 ). This is because the recovery of soil available N responds to descending increments of DM production when availability of this nutrient in the soil is increased (Vanotti and Bundy, 1994) . In this soil, plant N concentration was not affected by N rates applied in the previous season (P > 0.05). Nitrogen uptake of treatments evaluated in the Vertisol showed increases associated with the two N fertilizer rates used in the previous season and although these surpassed the control without N (P < 0.05), there were no differences among treatments that had received N (P > 0.05). This contrasts with the differences obtained for N mineralization (Table 2) , an effect which was already explained.
Correlation of soil N mineralization indexes with N uptake by plants
The coefficients of determination (R 2 ) between mineralized N and plant N uptake under soil incubations at 20 and 40 °C fluctuated between 0.20 ns and 0.73 ** for the Alfisol; for the Vertisol, results fluctuated between 0.34 * and 0.78 ** (Table 4) . These values were generally lower than those obtained by Wilson et al. (1994) in a similar experiment of up to 14 d of anaerobic incubation.
The highest R 2 at 20 °C was recorded after 7 d (0.73 ** ) and the highest coefficient at 40 °C was obtained after 28 d with a value of 0.58 ** (Table 4) . Regression coefficients for the Vertisol and Alfisol were the same but lower than values reported by Wilson et al. (1994) In general, a highly significant relationship was observed for either soil, which was adjusted with a linear model; it represents how N uptake depends on soil mineralized N. However, to recommend a methodology for determining potentially mineralizable N, a correlation between temperatures and incubation times for either soil would have been expected; moreover, it would be necessary to work with a higher number of soils and seasons under study.
Considering that the control did not receive any N, the relationship between crop N uptake from the previous N fertilization and soil mineralized N was 2.2049 and 1.1679 (slopes of the straight line) kg N absorbed for each mg mineralized N kg -1 in Alfisol and Vertisol, respectively (Figures 2 and 3 ). This indicates that the Alfisol exhibited a higher liberation of residual N to the crop compared with the Vertisol, which is associated to the type of clay prevailing in both soils (Nieder et al., 2010) and the dynamics of N in each soil in the presence of plants where the delivery capacity of soil N could be higher than the result generated by an analysis of available N prior to crop establishment as pointed out by Fernández (1995) and Hirzel et al. (2007) for maize in the absence of fertilization. compared with the control without N. Crop N uptake as a residual effect of applied N was between 29.3 and 33.9 kg N ha -1 in Alfisol and 28.3 and 45.8 kg N ha -1 in Vertisol compared with the control in both cases, no significant difference existed that corroborates significance between their means (P > 0.05). The ratio index between crop N uptake capacity from the residual effect of the previous fertilization and soil mineralized N fluctuating between 4.8 and 2.5 for N-80 and N-160 respectively for Alfisol, and 1.5 and 1.6 for N-80 and N-160 respectively for Vertisol (Table 5) .
The relationship between N residual uptake and residual N mineralizable concentration from the previous fertilization is shown in Figures 4 and 5 for Alfisol and Vertisol, respectively. This relationship indicates that the crop in the Alfisol can uptake 1.3402 and in the Vertisol 0.7351 kg N for each mg mineralized N kg -1
. By discounting N mineralization in soil that did not receive N in the previous season, a new adjustment is attained between the relationship of N absorption and soil N mineralization (difference between the slopes of each straight line) in both the Alfisol (Figures 2 and 4) and Vertisol (Figures 3 and 5) , which results in values of 0.86 and 0.43 kg N absorbed for each 1 mg kg -1 of soil mineralized N for Alfisol and Vertisol, respectively. In practical terms, once mineralized N is determined in anaerobic incubations, savings of 0.86 and 0.43 kg N can be generated when applying it to the rice crop for each 1 mg N kg -1 mineralized with respect to the calculated or reference rate to be applied for the Alfisol and Vertisol used in this experiment. These results contribute to adjusting N rates used in the rice crop, improve use efficiency of this nutrient, and reduce the environmental impact (Wang et al., 2001; Zhang et al., 2004; Fan et al., 2005a; Su et al., 2005) .
CONCLUSIONS
We have shown that the index of N uptake, as a result of the residual effect from the previous fertilization, allows determining the quantity of N that can be saved for the following season. Soils incubated at different time lapses and temperatures generate values of mineralizable N. Therefore, the correlation between N uptake and mineralized N are good measures to estimate the best incubation methodology that reflects field conditions. Thus, these indexes will greatly contribute to save amounts of N to each 1 mg N kg -1 mineralized for the Alfisol and Vertisol, respectively. 
